The local effect of an interstitial hydrogenlike particle on localized f electrons was studied in PrPb 3 by means of þ spin rotation and relaxation. Spontaneous þ spin precession with harmonic frequencies was observed for the first time in f electron compounds. We demonstrate that the signal is derived from a coupling between the þ spin and the hyperfine-enhanced nuclear spin of nearest neighbor (NN) 141 Pr with Ising-like anisotropy. The signal also suggests a marked suppression of spin dynamics of the NN 141 Pr in comparison with that of the bulk 141 Pr. These facts strongly indicate modification of the f electronic state due to the interstitial charged particle.
The behavior of 1 H impurities in rare-earth (RE) based compounds and the influence on their surroundings are crucial issues for practical materials science. 1 H is the most common impurity which affects the quality of samples. In fact, 1 H is sometimes deliberately loaded into a material to improve functions of the base compound [1] , or to store 1 H itself at interstitial sites of the crystal [2] . In RE-containing materials the electronic state of the RE ion should be sensitive to the 1 H impurity because the positive charge of the 1 H creates an additional crystalline-electric-field (CEF) potential which affects electromagnetic properties of the nearby RE ions. A detailed understanding of the effects of 1 H impurities in REbased compounds is therefore important for industrial applications as well as for fundamental science.
One of the most efficient techniques to investigate microscopic properties of interstitial 1 H is positive muon-spin rotation and relaxation ( þ SR), which probes the local magnetic environment around an interstitial þ , a light isotope of 1 H. In this Letter, we report þ SR measurements in PrPb 3 to clarify the local effect of the interstitial þ on the localized 4f electrons. PrPb 3 has physical properties appropriate for this purpose: (i) a simple cubic structure (space group Pm " 3m), (ii) a well-defined CEF level scheme with small excitation energies, (iii) a nonmagnetic À 3 CEF ground state (GS) in a CEF potential with O h symmetry. In 141 Pr-based compounds with a nonmagnetic GS, a strong intraionic hyperfine coupling between the 141 Pr nuclear spin I and the 4f electrons causes an effective nuclear dipolar moment typically 10 $ 100 times larger than the bare nuclear value. This enables one to monitor the 4f electronic state in zero applied field (ZF) by observing the local field caused by the hyperfineenhanced (HE) nuclear dipolar moment. Here we report the first observation of spontaneous þ spin precession with harmonic frequencies in the paramagnetic state, which indicates a coupling between the þ spin S and I with Ising-like anisotropy. We discuss the interplay between þ and the localized 4f electrons on the basis of the anomalous þ spin precession and a strongly anisotropic þ Knight shift.
Single crystal samples of PrPb 3 were grown by the Bridgeman method. The þ SR measurements were carried out at the M15 and M20B beam lines, TRIUMF, Canada, the M3 beam line, PSI, Switzerland, and the A port, muon science laboratory (MSL), KEK, Japan. The single crystals with (001) cleavage plane were mounted on a sample holder. ZF-þ SR measurements were performed with the spin-polarized þ along the [001] direction. For the transverse field (TF) þ SR measurements, a magnetic field of 2 T was applied along the [001] direction with an initial þ spin polarization Pðt ¼ 0Þ perpendicular to the [001] direction.
We first discuss the þ Knight shift, which provides insight into the þ localization site, local susceptibility, and the coupling between S and the 4f dipolar moment. The TF-þ SR signal in the paramagnetic state consists of two components with the intensity ratio of 1:2, suggesting that the local environment at the þ site splits into two magnetically inequivalent locations. Among possible interstitial sites, only the 3d site at (0.5, 0, 0) is consistent with this splitting. This site is located at the midpoint of two nearest neighbor (NN) Pr ions, as depicted in the inset of The þ Knight shift K k;? was derived from K k;? ¼ ðf k;? À f 0 Þ=f 0 À K L;dem , where f 0 is a zero-shift frequency, K L;dem is a correction term for the Lorentz and demagnetization fields (see a preliminary report [3] for details). Figure 1 shows the extremely anisotropic nature of the shifts K k ) K ? . We now rewrite the Knight shift as a rank-2 tensorK. Hereafter, coordinate axes are set to be along primitive vectors of the simple cubic lattice so thatK becomes a diagonal tensor. When the þ is located at the site with fourfold symmetry around the z axis, the diagonal components K ii conform to K xx ¼ K yy ¼ K ? and K zz ¼ K k . Following the treatment in Ref. [4] , we decomposeK aŝ
whereÂ dip s are classical-dipolar-coupling tensors,Â c is an isotropic contact-hyperfine-coupling tensor,s are ionic susceptibilities, and subscripts NN and 1-NN designate the NN Pr ions and the remaining further Pr ions, respectively. We assume that the þ influences only the NN Pr ions, sô 1ÀNN is replaced by an intrinsic susceptibility tensor in Eq. (1). This assumption seems reasonable since the þ is located further away from the Pr ions than their ligands, except for the NN Pr ions. The contact term for the 1-NN Pr ions was omitted for simplicity.
In such a case, A c is the only unknown variable in Eq. (1) since is known from Ref. [5] andÂ dip is purely geometric and calculable. We obtained the solid lines in Fig. 1 forÂ c ¼ 0 and the dashed lines forÂ c set to satisfy K ? $ 0. The significant deviation from the observedK suggests a breakdown of our assumptions, implying (i) þ -induced modification in NN ðÞÞ, and/or (ii) temperature-dependent and aniso-tropicÂ c which has been invoked to explain þ Knight shift in several f electron systems [6, 7] . By only measurinĝ K, the dominant factor cannot be pinpointed in the present case. Fortunately, it turns out that the following ZF-þ SR results provide crucial information to resolve this point.
The ZF-þ SR spectra at several temperatures are shown in Fig. 2(a) . Surprisingly, periodic recoveries of the asymmetry, indicated by the arrows, are found below T & 15 K. Figure 2 (b) shows results of fast Fourier transform (FFT) on the ZF-þ SR signals after subtraction of a zerofrequency component. This reveals that the original spectra consists of five oscillatory components (six, when the zerofrequency component is counted). The þ spin precession frequencies f i are shown in Fig. 3 as functions of temperature. The frequencies monotonically increase with decreasing temperature, and the lowest frequency f 1 reaches $3:4 MHz at 1 K, which corresponds to a hyperfine field (HF) of $0:025 T at the þ site, much larger than the bare nuclear dipolar field. However, no magnetic ordering is expected since the À 3 GS is nonmagnetic. These facts indicate that the HF principally originates from the 4f dipolar moments induced by the intraionic hyperfine interactions. A linear relation between the f i s and f 1 is shown in the inset of Fig. 3 . Slopes obtained from the linear fits indicate that the f i s are integral multiples of the f 1 . This means that the HF at the þ is quantized. The quantum nature and the number of splittings imply a coupling between S with S ¼ 1=2 and a small number of Is with I ¼ 5=2.
The periodic structure in the ZF signals gradually disappears below $1 K, probably as the temperature approaches 0.4 K, where an antiferroquadrupolar (AFQ) ordering with a long ordered structure occurs [8] . This behavior may be related to the AFQ ordering and its precursive phenomenon, which changes the HE nuclear magnetism through modifications of the 4f electronic state.
We are now ready to construct a phenomenological model to describe the ZF-þ SR results. It is known that a strong coupling between a þ spin and a small number of nearby nuclear spins causes spontaneous þ spin precession even in the paramagnetic state. This has been observed in some fluorides in which an entangled state of the nuclear spins, 19 F-þ -19 F, is realized [9] . In the case of þ in PrPb 3 , two Pr ions and an interstitial þ form a collinear spin configuration 141 Pr-þ -141 Pr. Therefore, we consider the following spin Hamiltonian:
where H SI and H II express spin interactions between S and Is, and between Is, respectively, and H quad is a Hamiltonian for the nuclear quadrupolar interaction under the electric field gradient created by the þ . We hereafter distinguish the two NN Pr with subscripts 1 and 2.
Considering a coupling with the HE nuclear dipolar moment hf , we first formulate H SI as À @S Áâð hf;1 þ hf;2 Þ, where is the muon gyromagnetic ratio, andâ is the hyperfine coupling tensor defined for each þ -Pr coupling. The hf is rewritten with the 141 Pr Knight shift tensorK I as I ð1 þK I ÞI@, where I is the gyromagnetic ratio of the bare 141 Pr nucleus. Assuming that the principal value ofK I is much larger than 1, we obtain the following expression,
Although the above form includes an unknown tensorâK I , it will turn out to be approximately proportional to the þ Knight shiftK. TheK is dominated by the coupling to the two NN Pr ions, soK $ 2â NN . TheK I is proportional tô NN through the following relation,
where a J is the intraionic hyperfine coupling constant between I and the total angular momentum J of the 4f electrons, and g J ¼ 4=5 is the Lande g factor. Substitutinĝ K I from Eq. (3) into Eq. (2) and usingK $ 2â NN yields,
As shown in Fig. 1 , theK is strongly anisotropic below the temperature at which the spontaneous þ spin precession appears, and it is reasonable to set K ? ¼ 0. Hence, Eq. (2) reduces to,
where ! f ¼ a J K k =ð2g J B Þ, and S k , I k are spin components parallel to the local symmetry axis. This result implies an Ising-like anisotropy of the S-I coupling, which has not been reported so far in cubic systems. The H II and H quad should be invariant under the symmetry operation of the system. We will not discuss these terms further since they do not affect the following outcome as long as this condition is satisfied.
With Pð0Þ k [001] , the time evolution of the þ spin polarization PðtÞ ¼ PðtÞ Á Pð0Þ is expressed as follows,
Tr½e iH j t=@ z e ÀiH j t=@ ;
where z is the z component of the Pauli spin matrices and ¼ ð1 þ z Þ=½2ð2I þ 1Þ 2 is the density matrix which describes the spin state at t ¼ 0. It should be noted that explicit forms of the spin Hamiltonian H j depend on an angle between Pð0Þ and the local symmetry axis. The subscript j is a label to indicate a spin configuration with the local symmetry axis parallel to the x, y, z axis.
Calculating PðtÞ according to Eq. (6) and multiplying it by the total asymmetry A yields the following function with oscillatory components including five harmonic frequencies with a fundamental frequency ! f =2, i.e.,
APðtÞ ¼
A 27 ½5cosð! f tÞ þ4cosð2! f tÞ þ3cosð3! f tÞ þ 2cosð4! f tÞ þcosð5! f tÞ þ3e À ? t þ A 3 e À k t ;
where the first (second) term corresponds to the spin configuration with the symmetry axis perpendicular (parallel) to the z axis. Note that the exponential relaxation functions in Eq. (7) with the relaxation rates ?;k were inserted in the theoretical function to express a transverse (longitudinal) relaxation for the first (second) term which appears in the real spectra. Excellent fits are obtained for the time-domain data below 14 K, as shown in Fig. 2(a) by the solid curves. The relative amplitude of the oscillatory components shown in Fig. 2(b) is also reproduced well. On the other hand, if we assume K k ¼ 2K ? , which is realized in the case of NN ¼ andÂ c ¼ 0, more than five oscillatory components with anharmonic frequencies should appear. This fact indicates that the Ising-like anisotropy is necessary to reproduce the harmonic frequencies in the ZF-þ SR spectra. A value for a J is available from the present þ SR data through a J ¼ 2g J B = Â ð! f =K k Þ. The ratio ! f =K k was estimated to be 82:9 rad=s from the linear slope in the ! f =2 ( ¼ f 1 ) versus K k plot shown in Fig. 4 , so that we obtained a J =k B ¼ 105 mK, which is remarkably large compared to the other trivalent RE ions [10] . The present result thus provides microscopic evidence for the HE nuclear magnetism of 141 Pr. Note that our value for a J is about 2 times larger than that in Ref. [10] . This discrepancy might be ascribed to an incomplete theoretical formulation, where we usedK I / NN , defined in a uniform field, to describe the HE nuclear dipolar moment in ZF. In the uniform field, the Pr ion feels a molecular field from surrounding Pr moments polarized along the field direction and NN should include the molecular field effect. On the other hand, the Pr moments in ZF are randomly oriented and the effect of exchange interactions among the Pr moments should be different from the molecular field in the uniform field. The molecular field coefficient estimated from the magnetization is À2:56 T= B [5] which causes suppression of the field-induced dipolar moment, consistent with the overestimation of a J .
The observation of a spontaneous þ spin precession indicates that the spin fluctuation rate À1 c of the NN Pr ions is much lower than 1 MHz. By contrast, the intrinsic spin fluctuation rate jJ nucl j=h $ 36 MHz is estimated from T c ¼ jJ nucl jIðI þ 1Þ=3k B [11] , with the nuclear ordering temperature T c $ 5 mK [12] , where jJ nucl j is the nuclear exchange constant. The marked reduction of À1 c strongly suggests that the anisotropy inK is principally due to that in NN , which suppresses the 141 Pr HE nuclear spin dynamics. It should also be noted that previous arguments regarding the þ -induced perturbation on localized f electronic states are based on the significant deviation fromK-scaling at low temperatures [4, 13] . However, such a behavior also appears in NMR and þ Knight shifts in several f electron systems, and is ascribed to a temperature-dependent hyperfine coupling [6, 7, 14] , or to development of a local susceptibility attributed to the heavy electrons [15, 16] . In this sense, an ambiguity exists in the interpretation of previous þ SR data. The present observation thus provides the first experimental fact clearly illustrating that the localized f electronic state is modified by the local effects of an interstitial charged particle.
Finally, we discuss the þ -induced change in the CEF level scheme. Here we consider only low-lying À 3 and À 4 states with an excitation energy Á 0 ¼ 14:7 K [5] for simplicity. The symmetry of CEF potential is lowered from cubic O h to tetragonal C 4v due to the þ [4] . The À 3 doublet and À 4 triplet split into nonmagnetic singlets À ð1Þ 3 and À ð2Þ 3 , and a À ð1Þ 4AE doublet and a À ð2Þ 4 singlet with magnetic degrees of freedom, where we adopted the notation used in Ref. [5] . The low-temperature behavior inK indicates that the magnetic anisotropy at low temperatures is dominated by the Van Vleck term and a new CEF GS is still nonmagnetic. Since a nonzero matrix element of J k is found only between À ð1Þ 3 and À ð2Þ 4 states, the modified level scheme should contain the À ð1Þ 3 singlet as the GS. Meanwhile, hÀ ð1Þ 3 jJ ? jÀ ð1Þ 4AE i Þ 0. An excitation energy Á of the À ð2Þ 4 (À ð1Þ 4AE ) state must be smaller (larger) than Á 0 to reproduce the anisotropy in NN since the Van Vleck term is reciprocally dependent on Á. Furthermore, the large enhancement of NN;k implies that the þ -induced energy shift is comparable in magnitude to Á 0 . This result suggests a possible drastic change of local magnetic state around 1 H impurities in RE-based intermetallics with Á & Á 0 .
